Transfer RNAs (tRNAs) perform essential tasks for all living cells. They are major components of the ribosomal machinery for protein synthesis and they also serve in non-ribosomal pathways for regulation and signaling metabolism. We describe the development of a genetically encoded fluorescent tRNA fusion with the potential for imaging in live Escherichia coli cells. This tRNA fusion carries a Spinach aptamer that becomes fluorescent upon binding of a cell-permeable and non-toxic fluorophore. We show that, despite having a structural framework significantly larger than any natural tRNA species, this fusion is a viable probe for monitoring tRNA stability in a cellular quality control mechanism that degrades structurally damaged tRNA. Importantly, this fusion is active in E. coli live-cell protein synthesis allowing peptidyl transfer at a rate sufficient to support cell growth, indicating that it is accommodated by translating ribosomes. Imaging analysis shows that this fusion and ribosomes are both excluded from the nucleoid, indicating that the fusion and ribosomes are in the cytosol together possibly engaged in protein synthesis. This fusion methodology has the potential for developing new tools for live-cell imaging of tRNA with the unique advantage of both stoichiometric labeling and broader application to all cells amenable to genetic engineering.
INTRODUCTION
tRNA biology is complex and has unexpected layers (1) . While the primary function of a tRNA is protein synthesis on the ribosome, non-ribosomal activities involving roles in phage and viral DNA replication (2, 3) , nuclear import of proteins (4), pre-mRNA splicing (5) and apoptosis (6) (7) (8) are now known. To explore the potential of the diversity and complexity of tRNA biology, it is necessary to have the tools to monitor tRNA location and activity inside living cells, both spatially and temporally. However, current methodologies of live-cell imaging tRNA have limitations. Typically, a specific tRNA is isolated from the yeast bulk, labeled with a fluorophore ex vivo, and introduced by transfection into mammalian cells for analysis (9, 10) . First, yeast tRNA species, while readily available in relatively large quantities, often differ from their mammalian counterparts at key residues that are critical for activities unique to mammalian cells (11) . Second, ex vivo labeling usually exploits specific post-transcriptional modifications (e.g. dihydrouridine and wybutosine) (12) (13) (14) , which are not present in every tRNA sequence. Third, the transfection efficiency of tRNA varies substantially, depending on cell types, and it is not applicable to many types such as bacterial or yeast cells. Thus, a genetically encoded fluorescent tRNA should hold great promise for imaging its action in live cells, eliminating the need for ex vivo technologies. We show here that the fusion of a large RNA aptamer with one of the largest tRNAs, despite each having a well-defined tertiary structure, enables the tRNA to perform live-cell protein synthesis in Escherichia coli. This tRNA-aptamer fusion can be switched on with quantitative GFP (green fluorescence protein)-like fluorescence, while acting like a canonical tRNA. Most importantly, this tRNA fusion is accepted by the ribosome and supports protein synthesis at a rate sufficient for cell viability. These results suggest the potential for real-time imaging of tRNA in both ribosomal and non-ribosomal activities in live cells. The principles of developing this tRNA fusion are accessible to all cells amendable to genetic engineering.
In this work, we made tRNA fusion with a Spinach aptamer. Recent in vitro selections have isolated RNA aptamers that bind to a range of synthetic GFP-like fluorophores, generating conjugates that light up with diverse colors (15, 16) . One of these aptamers is known as Spinach, because its conjugate with DFHBI (3,5-difluoro-4-hydroxybenzylidene imidazolinone) emits fluorescence of a spinach color, mimicking the intrinsic chromophore of GFP (15) . DFHBI is a cell-permeable and nontoxic ligand and it is selectively activated for fluorescence upon binding to Spinach. Several smaller or brighter derivatives of the original Spinach are now available (17) (18) (19) , as well as other fluorescent aptamer-ligand complexes (20, 21) . Such aptamer-mediated fluorescence has been used as a genetically encoded sensor for real-time imaging of small molecules and metabolites in live cells (15, (22) (23) (24) (25) (26) . Further development has enabled imaging of cellular dynamics of endogenous mRNAs (27, 28) . In each of these examples, the Spinach-DFHBI conjugate was exploited as a sensor. None of these sensors, however, are integrated into tRNA or have the ability to image tRNA. To utilize Spinach for imaging tRNA, however, a major consideration is the large size of the aptamer (∼100 nucleotides) relative to tRNA (70-90 nucleotides) and the self-contained tertiary structure of each. The original Spinach aptamer exhibits an elongated shape of two coaxially stacked helical stems joined by a Gquadruplex (17, 29) , while the tRNA structure is made up of two helical arms joined by a tertiary core to form the L-shape. It is unknown if the fusion of two unrelated and distinct RNA structures can be accommodated within the complex framework of the ribosome.
Here, we show that the fusion of the original Spinach aptamer (15) with one of the largest tRNA molecules creates a hybrid that is fully active for live-cell protein synthesis. This tRNA fusion (referred hereafter as Spinach tRNA) is specifically charged with the cognate amino acid, stably brought to the ribosome by elongation factor Tu (EF-Tu), and adeptly acting in peptidyl transfer. In live-cell imaging, the fusion is found in the same sub-cellular region as the ribosome, suggesting the role as a component of the protein synthesis machinery. Given the structural complexity and intricacy of the ribosome, and the extensive and dynamic motions of the ribosome-tRNA-mRNA complex (30) (31) (32) (33) , the ability of the fusion to act as an active component of protein synthesis is unexpected. This finding provides new insight into the previously unrecognized flexibility of both the ribosome and tRNA to accommodate new motifs. Furthermore, we show that the fusion can be made with several E. coli tRNA species, each in a distinct sequence, and that the fusion can act as a probe to monitor the cellular quality control applicable to canonical tRNA. Collectively, our data suggest that fluorescent aptamers in general can be inserted into functional tRNAs for live-cell imaging of both ribosome and non-ribosome activities.
MATERIALS AND METHODS

Design of Spinach tRNA
We used E. coli tRNA Tyr2 (Ec tRNA Tyr ) as the framework to introduce the Spinach aptamer (Supplementary  Tables S1 and S2 , Supplementary Figure S1 available online). Ec tRNA Tyr2 differs from Ec tRNA Tyr1 by only two nucleotides in the V-loop (C 47:2 and A 47:3 versus U 47:2 and C 47:3 ), which in crystal structure do not interfere with recognition by tyrosyl-tRNA synthetase (TyrRS) (34, 35) . We refer to tRNA Tyr2 simply as tRNA Tyr in this work. While Ec tRNA Tyr has a standard T-loop, it has a large D-and Vloop, indicating the possibility to accommodate additional motifs in these two regions. Three chimeras of Ec tRNA Tyr were made, in which the Spinach aptamer was inserted to the D-loop between C16 and G18 (D-Spinach), to the Vloop between C 47:2 and A 47:3 (V-Spinach), and to the T loop between G57 and A58 (T-Spinach). Of these, only the VSpinach fusion was stably expressed, indicating acceptance of the new motif by enzymes such as TyrRS (34, 35) . Indeed, a co-crystal structure of TyrRS-tRNA Tyr reveals that the large V loop is well accommodated by TyrRS using a C-terminal domain that stabilizes the unique shape of the loop (35) . In bacteria, tRNA Ser and tRNA Leu also have a large V-loop, whereas in mammalian cells only tRNA Ser and tRNA Leu have a large V-loop.
Construction of Spinach-tRNA fusions
Spinach fusions were constructed from DNA oligonucleotides (IDT, IA) and amplified in pairs (Supplementary  Tables S1 and S2 , Supplementary Figure S1 ). An example is shown for expressing V-Spinach tRNA Tyr from the E. coli plasmid pKK223-3 (Supplementary Figure S1) . Briefly, the complementary 3 ends of oligo #3 and oligo #4 (each 4 M) were hybridized in an annealing buffer (40 mM TrisHCl, pH 7.5, 50 mM NaCl, 5 mM dithiothreitol (DTT) and 20 mM MgCl 2 ) and extended by Sequenase (0.125 mM each dNTP) overnight at 37
• C to generate double-stranded DNA segment-1, while the 3 -ends of oligo #5 and oligo #6 (each 4 M) were hybridized and extended by Sequenase to generate double-stranded DNA segment-2. The overnight extension time was to ensure that the reaction was complete, although shorter time was sufficient in most cases. The synthesized two segments, with mutually complementary ends, were mixed and heat-denatured to provide primers for PCR amplification of the joined segment, using the HighFidelity DNA polymerase Phusion (NEB, MA) (15 cycles of 98
• C for 30 sec, 72
• C for 1 min, then 30 cycles of 98
• C for 30 s, 60
• C for 1 min, 72
• C for 20 s). The extended joint segment was PCR amplified again with oligo #7 (containing the EcoRI restriction site) and oligo #8 (containing the PstI restriction site) and the product was cloned into the EcoRI and PstI sites of pKK223-3 for expression under Nucleic Acids Research, 2017, Vol. 45, No. 7 4083 the control of the pTac promoter. The gene for V-Spinach tRNA Leu/CAG (CAG: the anticodon) was made similarly (Supplementary Figure S3A and Figure S3C and D) . Each fusion gene was sub-cloned into the plasmid pKK223-3 at EcoRI and PstI sites and expressed in JM109 cells upon induction with 1 mM IPTG.
Northern blot analysis
E. coli CA244 cells expressing a tRNA from the pKK223-3 plasmid were grown to OD 600 of 0.5-1.0 in LB with ampicillin. Cells (1.5 ml) were pelleted, resuspended in 0.3 M sodium acetate (pH 5) and extracted with 100 l of acidphenol (pH 5.2). The aqueous phase was precipitated with ethanol, washed with 70% (v/v) ethanol, dried, and resuspended in 15 l TE. A sample of 2 l was mixed with 1 l of formamide, heated at 65
• C for 5 min and electrophoresed on a denaturing 10% PAGE/7 M urea minigel. The samples were electroblotted onto Hybond N + Nylon membrane (GE Healthcare Biosciences: Pittsburgh, PA, USA) (36) . The membrane was hybridized overnight at 37
• C with 75 pmol of a 32 P-labeled probe (see below) in a mixture of 0.9 M NaCl, 90 mM Tris-HCl (pH 7.5), 6 mM EDTA, 0.3% SDS, 1% dry milk, and washed in 6× SSC (0.9 M NaCl, 90 mM Na-citrate) at room temperature, then in 3× SSC (0.45 M NaCl, 45 mM Na-citrate) with 0.1% SDS at 40
• C. Hybridization signals were visualized by phosphorimaging and quantified using ImageQuant 5.2 software.
Probe to 5S rRNA: 5 -TTCTGAGTTCGGCATGGGG T-3 Probe to the Spinach motif: 5 -CCCGTCCTTCACCATTT CATTC-3 Probe to Ec tRNA Tyr : 5 -TGGTGGTGGGGGAAGGA TTCGAACCTTC-3
Suppression of lacZam
E. coli CA244 harbors an internal amber mutation in lacZ (lacZ125am) (37) , which enables analysis of the suppressor activity of tRNA to synthesize the full-length ␤-galactosidase (␤-gal). Cells expressing tRNA from the pKK223-3 plasmid were streaked on M9 agar supplemented with glucose (0.4%), CaCl 2 (0.1 mM), tryptophan (40 g/ml), thiamine (100 g/ml), 1 mM IPTG, and 40 g/ml X-gal and incubated at 37
• C for over 24 h. Suppression was detected by the blue color on the indicator plate (34, 38) .
␤-gal assay
The amber suppressor gene of Ec tRNA Tyr or V-SpinachtRNA Tyr was constructed in pGFIB at EcoRI and PstI restriction sites. A control plasmid pGFIB-00 harbored no tRNA gene. Each plasmid was introduced to E. coli strain XAC-1, which has the lacZ U118Am gene harboring an amber mutation at the 17th codon position for analysis of tRNA amber suppression (39, 40) . E. coli strain XAC-1 i − p + containing the natural sequence of lacZ (without an amber mutation) was used as a reference. Each strain was grown at 37
• C until OD 550 reached 0.4-0.6, and harvested cells were resuspended in Z buffer (60 mM Na 2 HPO 4 , 40 mM NaH 2 PO 4 , 10 mM KCl, 1 mM MgSO 4 , 50 mM ␤-mercaptoethanol, pH 7.0) and permeabilized by 0.005% SDS and 10% chloroform. Cell lysates were mixed with the substrate o-nitrophenyl-␤-Dgalactopyranoside (ONPG, 0.6 mg/ml final, in 60 mM Na 2 HPO 4 and 40 mM NaH 2 PO 4 , pH 7.0) and incubated for up to 50 min at 30
• C to develop the yellow color of the product (38) . The ␤-gal activity was calculated from OD 420 normalized by OD 550 and the reaction time.
Suppression of trmD Am (Y19) to restore cell viability
The trmD gene is one of the growth-essential genes in E. coli (41, 42) , which encodes a tRNA methyl transferase responsible for maintaining the translational reading frame. An E. coli trmD-knockout (trmD-KO) strain was constructed by using an antibiotic marker to disrupt trmD while maintaining cell viability by expression of a plasmid-borne and arabinose (Ara)-controlled human counterpart trm5 in the presence of Ara (42, 43) . The trmD-KO strain was introduced with a test plasmid, derived from pET-22b, harboring the IPTG-inducible trmD WT (34, 39) as a PvuII fragment and was inserted into the EcoRV restriction site of pET-22b under the control of the constitutive lpp promoter. To test cell viability, individual colonies were isolated from an LB plate containing Ara at 37
• C, then inoculated into fresh LB media (20-50-fold dilution) without Ara and grown overnight (at least 6 h) to deplete pre-existing human Trm5 protein. Cells were then spotted by serial dilution (from 10 −1 to 10 −4 fold) on LB plates with or without Ara (1% w/v) but containing IPTG (0.4 mM) to induce expression of the reporter trmD gene. Cell viability was evaluated after incubation at 37
• C overnight.
Live imaging of E. coli cells expressing V-Spinach tRNA V-Spinach tRNA was expressed from pKK223-3 in one of three E. coli strains: CA244 (Hfr (PO1) lacZ56 trpA49 relA1 spoT1) (37) − gyrA96 recA1 relA1 endA1 thi hsdR17) (NEB). Expression in CA244 and in Top10 was constitutive, due to the lack the lacI q repressor in these cells, whereas expression in JM109 was IPTG-inducible to switch off the lacI q repressor. Expression in all three showed no visible toxicity.
Prior to imaging analysis, optical glass slides were freshly coated with poly-D-lysine (PDL) for 1 h at room temperature and washed twice with M9 minimal media. An overnight culture of E. coli cells expressing a Spinach tRNA was grown in LB medium at 37
• C supplemented with ampicillin. The overnight culture was inoculated into 3 ml fresh media (by a 100-fold dilution) and grown for 3-4 h at 37
• C to OD 600 of 0.3-0.4. The CA244 cells were harvested, while the JM109 cells were split into two tubes and 1 mM IPTG was added to one. At each point after induction, the culture of each tube (1.5 ml) was harvested. Cells were resuspended in 150 l of M9 media, washed twice in M9, and plated on the PDL-treated glass slides for 20 min at 37
• C. After removal of free cells by washes with M9, the plates were incubated with 200 M DFHBI in M9 for 5 min at 37
• C. This was followed by additional washes of cells in M9 to remove excess DFHBI. Live fluorescence images were obtained with a PTM camera through a 63× oil objective lens mounted on a Carl Zeiss LSM (Laser Scanning Microscopy) 510 META confocal microscope and analyzed with Metamorph software. An argon ion 488 nm laser was used for excitation and a 505-550 nm band pass filter (Carl Zeiss) was used to select the fluorescent signal. For time course analysis of fluorescence intensity, images were acquired every 30 min with 1024 × 1024 pixel resolution. The intensity of individual E. coli cells at each time point was calculated by Metamorph software and was shown as the average (n = 100 each). Images of an experiment versus its control were taken at the same excitation power, camera acquisition time and LUTs set to the same value for all pictures taken on the same channel and presented on the same figure.
To examine the physical distribution of V-Spinach tRNA Tyr with ribosomes, a P1 lysate was prepared from QC101 carrying the L9-mCherry fusion (44) and this lysate was used to transduce JM109 cells by selection of the kanamycin marker. The transduced cells were transformed with pKK223-3 expressing V-Spinach tRNA Tyr/GUA or Spinach aptamer. Overnight cultures were diluted 100-fold in LB medium supplemented with 100 g/ml ampicillin and 50 g/ml kanamycin and cultured at 37
• C with shaking. After 1 h, 1 mM IPTG was added and growth was continued for another 2 h. Then, the cells were harvested and resuspended in M9 medium supplemented with 100 g/ml DFHBI reagent. After incubation in this medium for 10-20 min, cells were washed with PBS and transferred onto a 1% agarose pad (prepared in M9 media supplemented with appropriate antibiotics and IPTG) placed on glass slides. The cells were observed under a Carl Zeiss Axioplan 2 Imaging microscope equipped with a Carl Zeiss Axio-Cam CCD camera. Filters used for DFHBI and mCherry fluorescence were HQ480/40 (ex. 480/40 nm and em. 535/50) and ETTexas Red (ex. 550 and em. 630 nm), respectively. Images were analyzed using the program Axiovision 4.7.
Total tRNA extraction
E. coli Top10 cells expressing V-Spinach tRNA
Tyr (with the natural 5 -GUA-3 anticodon) from pKK223-3 were grown overnight at 37
• C in 2 l of 2 × YT, while JM109 cells expressing the wild-type tRNA Tyr from pKK223-3 were grown overnight in 1 × LB. During this incubation, V-Spinach tRNA Tyr was constitutively expressed whereas tRNA Tyr was expressed upon addition of 1 mM IPTG. Stationary cultures were harvested and 20 g of cell pellet were phenol extracted by vortexing at room temperature for ∼30 min with 40 ml of 50 mM sodium acetate (NaOAc, pH 5.3), 10 mM Mg (OAc) 2 , and 34.4 ml of liquified phenol (88%). After centrifugation the aqueous phase was collected and the phenol layer was extracted with an equal volume of 50 mM NaOAc, 10 mM Mg (OAc) 2 for an additional 30 min. Total nucleic acid was pelleted from the combined aqueous phases by ethanol precipitation (addition of 1/10 volume of 20% KOAc and an equal volume of ethanol, 30 min at 25
• C) and centrifugation. DNA and low molecular weight RNAs were solubilized by vortexing the pellet with two portions of ice cold 1 M NaCl. After centrifugation the clarified supernatants were combined and two volumes of ethanol were added to precipitate the remaining nucleic acid. The resulting pellet was dissolved in 0.3 M NaOAc and DNA was selectively precipitated with 0.54 volumes of isopropanol and incubation for 10 min at room temperature, followed by centrifugation. The supernatant was reserved and the pellet was treated the same way as before. After combining the two supernatants, 0.24 volumes of isopropanol were added to precipitate total tRNA.
Total tRNA was deacylated in alkaline (0.1 M Tris-HCl, pH 9.0) for 3 h at 37
• C. Each plasmid-borne tRNA was purified using a biotinylated oligo as described (11, 45) . The oligo for V-Spinach tRNA Tyr (5 TGG ACC CGT CCT TCA CCA TTT CAT TCA GTC GCG TC-Biotin TEG 3 ) was complementary to a major loop in the Spinach domain while the oligo for the native tRNA Tyr (5 TTT ACA GTC TGC TCC CTT TGG CCG CTC-Biotin TEG 3 ) was complementary to the sequence between the anticodon and D loops. Hybridization was in 20 mM Tris-HCl (pH 7.5), 1.8 M NaCl, 0.2 mM EDTA. The quality of purified tRNAs was checked by 12% PAGE/7M urea gel. Alternatively, V-Spinach tRNA Tyr was directly purified to homogeneity using a preparative 12% PAGE/7M urea gel, due to its larger size relative to tRNAs. Ec tRNA Tyr as purified contained a mixture of tRNA Tyr1 and tRNA Tyr2 , because the oligonucleotide for affinity pull-down did not distinguish between the two. However, we estimated that the amount of Ec tRNA Tyr2 was >80% in the mixture (11), due to its over-expression from the pKK223-3 plasmid.
Aminoacylation of tRNA
Tyr and V-Spinach tRNA Tyr purified from cells was performed in a 30 l reaction containing 20 mM KCl, 10 mM MgCl 2 , 10 mM DTT, 2 mM ATP, 50 mM HEPES, pH 7.5, and 20 M 3 H-Tyr. The tRNA concentration was corrected based on the plateau level of aminoacylation, while the enzyme concentration was corrected based on active fraction obtained from burst kinetics (46) . Steady-state kinetics of aminoacylation was performed with 2 nM purified E. coli TyrRS for the wild-type tRNA Tyr and 5 nM enzyme for V-Spinach tRNA Tyr . Reactions were sampled over time and quenched on filter pads in 5% ice-cold trichloroacetic acid (TCA) (47) . After extensive washes, radioactivity on air-dried filter pads was measured in a Beckman 6000S scintillation counter. Data of aminoacylation as a function of tRNA concentration were fit to the Michaelis-Menten equation. Values of K m (tRNA), k cat and k cat /K m were determined from the average of three indepenNucleic Acids Research, 2017, Vol. 45, No. 7 4085 dent experiments and were consistent with those of other Ec tRNAs (11, 34, 48) . Errors are SDs.
Equilibrium binding of tRNA to EF-Tu-GTP
The 3 -terminal A76 in tRNA Tyr (2 M) was labeled with ␣-32 P-ATP (0.4 M, 6000 Ci/mmol) by Bacillus stearothermophilus CCA-adding enzyme (10 M) (49,50) in 20 l of 10 mM MgCl 2 , 1 mM DTT, and 50 mM glycine pH 9.0 (51, 52) . After dilution to 50 l with TE, the reaction was extracted with phenol-chloroform-isoamyl alcohol, centrifuged through a cartridge, and then ethanol precipitated in the presence of 2 g glycogen. Prior to charging, the labeled tRNA
Tyr was heated at 80-85
• C for 3 min in 20 l of water, rapidly mixed with 4 l of a 10 × AA buffer (100 mM MgCl 2 , 200 mM KCl, 100 mM DTT, 200 mM Tris pH 7.5), and kept at 37
• C for 10-15 min. Aminoacylation (10 min at 37
• C in 40 l) was carried out in the presence of 200 M tyrosine, 6.2 mM ATP, 0.2 mg/ml BSA and 10 M TyrRS. After quenching with 5 l 2.5 M NaOAc pH 5.0, the reaction was extracted with pH 5.2 phenol-chloroformisoamyl alcohol, ethanol precipitated, dissolved in 50 l 25 mM NaOAc pH 5.0 and stored at -20
• C. The efficiency of aminoacylation was determined to be ∼44% and it was not affected by the V-Spinach fusion.
Dissociation rate constants of the ternary complex between Ec EF-Tu, Tyr-tRNA Tyr/GUA , and GTP were determined using a ribonuclease protection assay (53, 54) . EFTu (75 pmol) was first activated with 1.5 nmol of GTP by incubation 3 h at 37
• C in 75 l of 20 mM MgCl 2 , 5 mM DTT, 0.5 M NH 4 Cl, 1.2 mM phosphoenol pyruvate, 0.02 units/l pyruvate kinase and 50 mM HEPES pH 7.0. The activated EF-Tu was mixed with 3 pmol of radiolabeled Tyr-tRNA Tyr/UGA and incubated on ice for at least 20 min to form the ternary complex. Time courses of dissociation were carried out in the presence of 0.1 mg/ml RNase A also on ice. Reaction aliquots (5 l) were quenched in 50 l of cold 10% TCA that contained 0.1 mg/ml bulk tRNA. Aliquots of 40 l each were spotted on separate Whatman filter paper pads for bulk washing in cold 10% TCA three times, ethanol twice, ether once, and dried. Cerenkov counts attributable to intact 32 P-labeled Tyr-tRNA Tyr were measured in a scintillation counter. The rate constant (k off ) for dissociation of Tyr-tRNA Tyr from EF-Tu was determined by exponential fitting of the data. K d values can be calculated by using a value of 1.1 × 10 −4 nM −1 s −1 for the on-rate k on binding (55, 56) .
Programmed ribosome protein synthesis
The mRNA for translation was prepared by in vitro transcription from a synthetic double-stranded DNA template using T7 RNA polymerase (57), followed by gel purification. The sequence of the template mRNA, encoding the peptide fMYPRSKH 6 , is shown below, where the ShineDalgarno sequence is underlined and the initiation codon is in bold face.
-GGGAAGGAGGUAAAAAUGUAUCCCCGUU CUAAGCACCACCACCACCACCAC-3
Native Ec tRNA fMet/CAU and tRNA Tyr/GUA were over-expressed in E. coli and purified using biotinylated oligoncleotides (11, 42, 45) . Over-expressed V-Spinach tRNA Tyr/GUA was directly purified by denaturing 12% PAGE. Each tRNA was enzymatically charged with its cognate amino acid and then stored in 25 mM acetate buffer (pH 5.0) at −20
• C until use. Formylation of MettRNA fMet/CAU was carried out during the charging reaction by including methionyl-tRNA formyltransferase with the methyl donor 10-formyltetrahydrofolate (derived from folinic acid at neutral pH) (11) . The efficiency of charging was determined by doping each reaction with radiolabeled amino acid and determining both A 260 and radioactive counts of product tRNA after removal of free amino acid, GTP, and protein. Tight-coupled 70S ribosomes were isolated from E. coli MRE600 cells and over-expressed His-tagged initiation and elongation factors were purified from affinity resin (11, 42, (58) (59) (60) . These reagents were aliquoted prior to storage at −70
• C.
EF-Tu-dependent hydrolysis of GTP
Reactions were carried out in 70 mM NH 4 Cl, 30 mM KCl, 3.5 mM MgCl 2 , 1 mM DTT, 0.5 mM spermidine and 50 mM Tris-HCl pH 7.5 (Buffer A) (11, 61, 62) . A ternary complex was formed in two steps, in which EF-Tu was first incubated with limiting ␥ -32 P-GTP (6000 Ci/mmol) for 15 min at 37
• C and then with excess Tyr-tRNA Tyr/GUA for 15 min on ice. Free GTP was removed from the ternary complex by centrifugation through a spin cartridge (Centrispin-20; Princeton Separations). The flow-through was diluted with Buffer A to give a 2× stock of ternary complex that contained approximately 1.5 M EF-Tu, 1.0 M Tyr-tRNA • C. The 2× solutions were stored on ice until same-day use. Rapid mixing of the ternary complex and the ribosome solution was performed on a Kintek quench flow apparatus at 20
• C. Aliquots of GTP hydrolysis were quenched with 40% formic acid and GTP was separated from P i by thin layer chromatography (TLC) on PEIcellulose in 0.5 M NaH 2 PO 4 pH 3.5. Spots were visualized by phosphorimaging and quantified using ImageQuant 5.2.
First peptide bond formation
The first peptide bond formation was monitored for synthesis of the dipeptide fMY, catalyzed by 0.25 M of the ribosome 70S initiation complex, which contained fMettRNA fMet at the P-site and Tyr-tRNA Tyr (or V-Spinach tRNA Tyr ) at the A-site (62, 63) . A 70S initiation complex was formed by incubating 0.75 M 70S ribosome with 0.5 M 35 S-fMet-tRNA fMet and 1.0 M each IF1, IF2, IF3 and mRNA in Buffer A with 1 mM GTP for 25 min at 37
• C. A ternary complex was formed by incubating 1.5 M EFTu with 1 mM GTP in Buffer A for 15 min at 37
• C after which Tyr-tRNA Tyr/GUA was added to 1.0 M and incubation continued for 15 min on ice. The 2× stocks were rapidly mixed in a Kintek quench flow apparatus at 20
• C. Reaction aliquots were quenched in 0.8 M KOH. After 1-2 h at 37 • C to separate the peptide from the peptidyl-tRNA linkage, 
RESULTS
Live-cell stability and fluorescence of Spinach-tRNA fusions
To explore the capacity of making fusions that are stable in a live cell, we began with the original Spinach, which was directly isolated from in vitro selections and was one of the largest aptamers for GFP-like fluorescence (15) . We chose E. coli tRNA Tyr as the engineering framework, which has a naturally large D-and V-loop relative to the average tRNA, indicating the potential of these regions to accommodate a new structural motif. The total length of the fusion combining the Spinach and E. coli tRNA Tyr was 183 nucleotides (Supplementary Tables S1 and S2 ), exceeding the length of naturally existing tRNA. We expressed the fusion from a multi-copy plasmid and used Northern analysis to determine its stability in E. coli cells. While the Spinach fusion with the D-or T-loop of the tRNA was not detectable, the fusion with the V-loop was readily detected in total RNA isolated from cells ( Supplementary Figures S2 and S4) . The stable expression of the V-Spinach tRNA in E. coli indicates that the V-loop is a suitable site for accepting Spinach without compromising tRNA structural stability ( Figure 1A) . The stability of the V-Spinach tRNA was similar in two constructs: the one with the natural anticodon 5 -GUA and the other with the amber-reading anticodon 5 -CUA (Supplementary Figure S4 ).
The structural stability of the V-Spinach tRNA correlated with its stable emission of GFP-like fluorescence inside E. coli CA244 cells. Upon a brief incubation with DFHBI, 96.4 (±0.1)% of single cells that expressed the fusion showed fluorescence whereas those that expressed the stand-alone aptamer had little fluorescence ( Figure 1B) . The lack of fluorescence of the stand-alone Spinach was consistent with its intracellular instability in Northern analysis (Supplementary Figure S4 ). In cells where expression of the V-Spinach tRNA was regulated by a transcriptional repressor, fluorescence of individual cells was dependent on the inducer (Supplementary Figure S5 ), reaching a stable 60-fold increase over the baseline within 60 min, but a slow and small increase in fluorescence in the absence of IPTG. We attributed the latter to the IPTG-independent basal expression from the Tac promoter that drives tRNA expression from the plasmid. These results validate that the fluorescence observed in E. coli cells expressing V-Spinach tRNA Tyr was associated with the tRNA, rather than nonspecific effects on Spinach fluorescence.
We showed that live-cell fluorescence imaging was also applicable to the Spinach fusion with the V-loop of tRNA Leu , another E. coli species with a large V-loop relative to the average (Supplementary Figure S3A and B) . Furthermore, imaging was successful even with E. coli tRNA Ala/UGC , tRNA Phe/GAA , and tRNA Pro/UGG , each of which has the standard size of five nucleotides in the V-loop (Supplementary Figure S3C and D) . In each of the latter cases, a smaller version of the original Spinach, known as the 'Baby Spinach', was used. The Baby Spinach retains the primary structure and fluorescence intensity of the original Spinach (17) . These results support the notion that the Vloop of tRNA can accommodate aptamers of varying size.
Spinach tRNA as a probe for live-cell tRNA quality control
We determined if V-Spinach tRNA Tyr served as a probe to monitor the cellular quality control that degrades damaged tRNA. One of these mechanisms targets tRNA with an unstable acceptor end and attaches CCA-CCA sequence to the 3 end as the degradation tag (64) . Structural instability in tRNA can arise from errors during transcription or post-transcriptional processing or from mutations associated with cancer development (65) (66) (67) . To determine if the large size of the Spinach fusion can be recognized by this quality control, we generated a variant carrying the destabilizing U71 and U72 substitutions that created two consecutive G-U base pairs at the acceptor end (G1-U72 and G2-U71, Figure 1A and Supplementary Figure S2D ). This U71-U72 variant was barely detectable in Northern analysis (Supplementary Figure S4) , suggesting that it was subject to rapid degradation. The mechanism of the rapid degradation of the U71-U72 variant is likely due to the dual CCA-CCA addition at the 3 -end (64) . We also generated another variant lacking the single CCA sequence at the 3 -end and showed that this variant was detectable, albeit with a reduced stability relative to the full-length V-Spinach tRNA (Supplementary Figure S4) , indicating that the single CCA sequence can protect the tRNA from degradation.
To determine the timescale of degradation, we placed an aliquot of exponentially growing cells on glass slides, incubated them with DFHBI for 5 min, washed off excess ligand, and monitored the DFHBI-dependent fluorescence over time at 22.5 • C. Because cells were immobilized on glass slides, the diffusion of bound DFHBI from cells was limited. Imaging tRNA in CA244 cells represented the average level of de novo synthesis and decay. Among the more than 1000 cells examined, we observed a significant fluorescence signal above the background for V-Spinach tRNA Tyr with a steady increase from time 0 up to 1 hr and a stable fluorescence up to 2 h (Figure 2A) . Because no maturation time is required to generate a fluorescent complex upon Spinach-DFHBI interaction (15) , the progressive increase in fluorescence in the first hour might indicate the gradual transition of cells on the slide from the exponential phase to an early stationary phase. Nonetheless, the robust fluorescence indicates that de novo synthesis of the tRNA was dominant over decay within this time frame. In contrast, cells expressing the U71-U72 variant of V-Spinach tRNA Tyr showed no fluorescence, indicating that decay was dominant over de novo synthesis (Figure 2A and B) . The lack of fluorescence from the onset was striking, indicating that degradation of the variant was rapid even with active de novo transcription. Quantification of fluorescence at 60 min confirmed high intensity from cells expressing the wild-type fusion, but virtually no intensity from cells expressing the variant, similar to cells expressing the stand-alone Spinach or cells without DFHBI ( Figure 2C) . Thus, the V-Spinach tRNA Tyr , upon the acceptor stem damage, is recognized by the appropriate cellular quality control and is degraded, indicating that it is a valid biological probe for live-cell imaging of tRNA stability.
Spinach tRNA active in live-cell protein synthesis
We determined whether the exceptionally large size of VSpinach tRNA Tyr is active in the protein synthesis machinery. We used E. coli CA244 cells, which harbored an amber mutation (5 -UAG) in the N-terminal half of ␤-gal encoded by the lacZ125am locus (68) . In these cells, synthesis of the full-length ␤-gal required suppression of the amber mutation with an amino acid donated by an ambersuppressor tRNA during live-cell protein synthesis. Importantly, despite the large and bulky structure, the fusion with the amber-reading anticodon 5 -CUA suppressed the lacZ125am locus ( Figure 3A ), indicating that it was active in protein synthesis. Suppression was observed only when the fusion had the amber-reading anticodon; no suppression was observed in cells expressing Spinach stand-alone or the amber suppressor form of T-or D-Spinach tRNA Tyr ( Figure 3A) .
Translation of a codon involves three key steps; (i) aminoacylation of the tRNA cognate to the codon, (ii) formation of the aminoacyl-tRNA ternary complex with EFTu and GTP, (iii) delivery of the ternary complex to the ribosome A-site and reading of the codon by the aminoacyltRNA. To determine how the V-Spinach tRNA Tyr performed these reactions relative to the wild-type tRNA Tyr , we monitored the time-course of each reaction using purified enzymes and ribosomes in quantitative assays. To ob- Am (Y19) by the amber suppressor form of V-Spinach tRNA Tyr leads to synthesis of the growth-dependent TrmD enzyme, which supports E. coli cell viability. The trmD Am (Y19) locus contains an amber codon at the Y19 position, which prevents translation of the trmD gene. This study was conducted in E. coli trmD-knockout (trmD-KO) cells where the chromosome-encoded trmD gene was disrupted with an antibiotic marker and cells were maintained viable in the presence of arabinose by a plasmidborne and arabinose-controlled expression of the human counterpart trm5 gene (42) . (E) Examination of viability of E. coli trmD-KO cells expressing a plasmid-borne trmD WT (row 1), a plasmid-borne trmD Am (Y19) (row 2), a plasmid-borne trmD Am (Y19) and the amber suppressor gene of Ec tRNA Tyr (row 3), and a plasmid-borne trmD Am (Y19) and the amber suppressor gene of V-Spinach tRNA Tyr (row 4) in the presence or absence of arabinose (Ara).
tain data relevant to the biology of protein synthesis, the Spinach fusion and the wild-type tRNA Tyr was each isolated from cells to homogeneity, containing all natural posttranscriptional modifications and the natural Tyr anticodon 5 -GUA. We found that the Spinach tRNA was mildly deficient relative to the wild-type tRNA Tyr in these key steps of protein synthesis ( Figure 3B) .
To assess the aminoacylation reaction, we monitored the attachment of 3 H-Tyr to tRNA Tyr by E. coli TyrRS. The kinetic parameters of the wild-type tRNA Tyr (K m , k cat and k cat /K m , Supplementary Figure S6A) were closely similar to values of the transcript of E. coli tRNA Tyr (34) , consistent with the notion that post-transcriptional modifications are not critical for TyrRS. These parameters are also similar to values of other E. coli tRNAs (11, 34, 48, (69) (70) (71) , consistent with the notion that the overall kinetics of aminoacylation is similar among different tRNA species, including the Michaelis constant and the number of catalytic turnover (72) . The V-Spinach tRNA Tyr differed from the wild-type tRNA Tyr by a small increase in K m (tRNA) (from 1.7 ± 0.4 to 2.6 ± 1.2 M) and a small decrease in k cat (from 2.5 ± 0.2 to 1.4 ± 0.3 s −1 ), resulting in an overall decrease of 2.7-fold in the catalytic efficiency k cat /K m ( Figure 3A) . Thus, while the large V-loop presents interference to aminoacylation, the effect is minor relative to the 10 −6 effect observed upon the loss of a major determinant for other aminoacyltRNA synthetases (39, 73) .
To assess the stability of each charged Tyr-tRNA in a ternary complex with EF-Tu-GTP, we determined its dissociation kinetics from the ternary complex. In this assay, we preformed the ternary complex harboring each tRNA, 3 -end labeled with 32 P and charged with Tyr, and used RNase A to degrade the tRNA fraction that dissociated from the complex. The remaining labeled tRNA fraction in the ternary complex was then determined. Measurement of the dissociation constant in equilibrium conditions showed Nucleic Acids Research, 2017, Vol. 45, No. 7 4089 that the off rate of the fusion and of the parental tRNA Tyr from the respective ternary complex was similar (k off = 0.0034 ± 0.0008 versus 0.0022 ± 0.0005 s −1 , Supplementary Figure S6B ), indicating comparable stability of each in the respective ternary complex. These values are also similar to values of others (55) , supporting the notion that EF-Tu binding focuses on the acceptor end of tRNA (74, 75) and is not interfered by the Spinach insertion to the V-loop.
To assess the accommodation of each tRNA to the ribosome A-site, we assembled a ribosome post-initiation complex, where the initiator fMet-tRNA fMet was bound at the P-site next to the Tyr codon 5 -UAU at the A-site. By analysis of GTP hydrolysis upon accommodation of each charged tRNA to the Tyr codon, we showed that the Spinach fusion induced an 18-fold slower rate relative to the wildtype tRNA Tyr (0.062 ± 0.008 versus 1.11 ± 0.06 s −1 , Supplementary Figure S6C ). In this assay, while the ribosome concentration was low (0.375 M), it was still in excess of the ternary complex to permit one turnover. Indeed, GTP hydrolysis for Spinach tRNA and the wild-type tRNA Tyr both proceeded in a single exponential course over time (Supplementary Figure S6C) , indicating that it was a single turnover reaction for both. The rate constant of tRNA Tyr was similar to values reported previously at similar ribosome concentrations (11, 76) . Fitting the rate data as a function of ribosome concentration showed a hyperbola curve without a lag, even at the low concentration tested here (76) , indicating that substrate binding was in rapid equilibrium with the ribosome and that the reaction was not limited by binding, but by the chemistry of GTP hydrolysis (which is controlled by a slow conformational accommodation step (77)). Thus, despite the low concentration of the ribosome, binding of each ternary complex was fast relative to the kinetics of GTP hydrolysis. The 18-fold reduction in the rate of GTP hydrolysis of the V-Spinach tRNA Tyr relative to tRNA Tyr therefore reflects an impaired accommodation to the ribosome A-site prior to GTP hydrolysis.
We also monitored the first peptidyl transfer catalyzed by the ribosome, by incubating a post-initiation complex with each tRNA ternary complex and monitoring the rate of peptidyl transfer. In this assay, the limiting reagent was the post-initiation complex containing 35 S-fMet-charged initiator tRNA fMet at the P-site (0.25 M), reacting with a molar excess of each tyrosyl ternary complex. By analysis of dipeptide synthesis of 35 S-fMet-Tyr, we found that the rate of each tRNA was similar to the respective rate of GTP hydrolysis (Supplementary Figure S6C and D) , indicating that GTP hydrolysis remained limiting for the rate of peptide bond formation at this low ribosome concentration. These results suggest that the Spinach tRNA, despite the initial deficiency at inducing GTP hydrolysis and accommodation to the A-site, did not cause further impediment on the ribosome to slow down peptidyl transfer. However, whether Spinach tRNA was defective relative to wild-type tRNA Tyr in peptidyl transfer cannot be resolved by this assay. Notably, due to the rate-limiting nature of GTP hydrolysis to the first peptidyl transfer, the second peptidyl transfer was not determined. Additionally, in the time course of both GTP hydrolysis and dipeptidyl synthesis, the Spinach tRNA consistently showed a 3-4-fold reduced plateau level relative to the wild-type tRNA Tyr (Supplementary Figure S6C and  D) , further supporting the notion of a reduced accommodation prior to GTP hydrolysis.
Given that the Spinach tRNA was deficient relative to the wild-type tRNA Tyr in the assays above, we determined whether this deficiency reduced protein synthesis in vivo. We used the amber suppressor form of the tRNA to determine its suppression activity in E. coli XAC-1 cells, which displayed low backgrounds for reporter assays (38) . XAC-1 expresses the reporter lacZ U118Am , where an amber mutation is localized to position 17 of lacZ (34) . Measurement of the intracellular activity of the reporter protein showed that translation of the amber codon by the wild-type tRNA Tyr relative to the control gene without the amber mutation (lacZ WT ) was 61.7%, whereas translation by the Spinach fusion was reduced to 9.3% ( Figure 3C ). Thus, consistent with biochemical analysis, the cell-based assay showed that the Spinach fusion performed protein synthesis with a 6-7-fold reduced activity relative to wild-type tRNA Tyr . We then asked whether the reduced protein synthesis activity of the Spinach fusion compromised cell viability. Using the growth-essential trmD gene (41, 42) as a reporter, which codes for a tRNA methyl transferase required for maintaining the protein synthesis reading frame (42, 60, 78) , we showed that E. coli cells harboring an amber mutation of the Y19 codon of trmD were non-viable, unless the human counterpart gene (43) was expressed from a maintenance plasmid under the control of arabinose ( Figure 3D and E, rows [1] [2] . This provides a cell-based assay to determine, in the absence of the human counterpart enzyme upon removal of arabinose, whether the translation of the amber codon at Y19 was sufficiently active to produce TrmD to support cell viability. Indeed, the amber-suppressor form of the wild-type tRNA Tyr was sufficiently active, such that cells were viable when the human gene was turned off (Figure 3E, row 3) . Importantly, the amber-suppressor form of the Spinach fusion appeared to be even more active, supporting stronger cell viability in the absence of arabinose ( Figure 3E, row 4) . In this comparison, we suggest that the amber-suppressor form of the wild-type tRNA Tyr , due to its stronger suppressor activity, can interfere with the normal termination at 5 -UAG stop codons, thus conferring a growth disadvantage to cells.
Co-exclusion of V-Spinach tRNA and ribosomes from the nucleoids
We determined if the Spinach fusion provides an imaging tool to visualize tRNA with the ribosome. In exponentially growing E. coli cells, translating ribosomes are not uniformly distributed throughout the intracellular space of cytoplasm; instead they are organized around the nucleoid lobes in segregated space (44, 79) . By labeling each translating ribosome with an mCherry tag fused to the ribosomal L9 protein (L9-mCherry), previous fluorescence imaging analysis showed an alternating distribution pattern of ribosomes with the DAPI-stained nucleoids (44) . This specific segregation of ribosomes from the nucleoids would change when cells entered stationary phase or encountered drugs affecting transcription or translation (44) . To determine the cellular distribution of V-Spinach tRNA Tyr rela-tive to ribosomes, we expressed it from a multi-copy plasmid in a strain where all ribosomes carried the L9-mCherry tag. This strain, together with a control strain expressing the stand-alone Spinach, was cultured, briefly incubated with DFHBI, and imaged with appropriate filters. In exponentially growing E. coli cells, the L9-mCherry fluorescence was clearly visible and it exhibited the alternating pattern of ribosome distribution with the nucleoids spanning the entire length of the rod-shape ( Figure 4A ). Starting from one pole to the other across the average 4 m length of single cells, the fluorescence of L9-mCherry ribosomes peaked at 1.0, 2.5 and 3.5 m (Figure 4B ), consistent with previous reports (79) . Interestingly, a lengthwise intensity scan of a representative cell revealed the overlap of the L9-mCherry peaks with the GFP-like fluorescence of the V-Spinach tRNA Tyr peaks ( Figure 4A and B), suggesting co-exclusion from the nucleoids. This overlap was not seen in cells expressing the stand-alone Spinach, which instead showed diffused and uniformly distributed fluorescence without nuclear exclusion ( Figure 4A and C) , or in DFHBI-stained cells without any plasmid ( Figure 4D ). Comparing the L9-mCherry and the GFP-like fluorescence with DAPI staining confirmed the co-exclusion of ribosomes with Spinach tRNA from the nucleoids, showing the occupancy of the nucleoids at each trough between the fluorescence peaks ( Figure 4D and E). This co-exclusion was reproducibly observed in different phases of cell growth, suggesting that Spinach tRNA and ribosomes are together in the cytosol and possibly engaged in active protein synthesis.
DISCUSSION
This work demonstrates that the insertion of a large Spinach aptamer to the V-loop of tRNA creates a fusion that is active as an integral component of live-cell protein synthesis in E. coli. The protein synthesis activity of the fusion manifests at several levels: the suppression of separate amber mutations for synthesis of ␤-gal (lacZ125am, lacZ u118Am ), the suppression of a single mutation for synthesis of TrmD (Y19 am ), and the biochemical activity in individual reactions required for peptide bond formation. This range of activities in protein synthesis is unexpected, because the fusion combines two large and unrelated RNA structures in a molecular mass greatly exceeding any natural tRNA. Given that E. coli ribosomes never encountered such a fusion before and yet can readily accept it within the constraints of the protein synthesis machinery, this work reveals novel insights into the structural and dynamic flexibility of both the ribosome and the tRNA and their mutual accommodation. For the tRNA part, the V-loop is critical for assembly of the tertiary core that controls the dynamics of the two helical arms (47, 58, (80) (81) (82) . The capacity of creating a fusion with the V-loop is high, not limited to species with a naturally large V-loop (E. coli tRNA Tyr and tRNA Leu ), but also applicable to those with a small V-loop (E. coli tRNA Ala , tRNA Phe and tRNA Pro ). In all cases, the fluorescence intensity of the fusion is similar, indicating a similar stability among these inside the cell. For the ribosome part, the ability to use the fusion in a series of reactions leading to protein synthesis is striking, so is the efficiency with which the fusion accomplishes these reactions at a rate sufficient to support cell growth. These data emphasize that the fusion is structurally and dynamically compatible with the mechanics of protein synthesis. Because these mechanics are conserved from bacteria to humans, it is likely that the fusion, or its derivatives, will function with eukaryotic ribosomes.
Using E. coli V-Spinach tRNA Tyr as an example, imaging analysis reveals its versatility as a valid biological probe. First, it is a probe for the cellular quality control that degrades tRNA with structural damage at the acceptor end. By directly introducing damage to the fusion (Figure 2) , we show that the quality control is active and rapid in E. coli, with little intracellular accumulation of damaged tRNA. This provides new insight into the temporal control of damage and expands the scope of the quality control from the previously established yeast and mammalian cells (64) now to bacterial cells. Second, imaging analysis identifies the fusion in overlapping positions with ribosomes in exponentially growing cells. While this overlap alone does not represent tRNA actually sitting with the ribosome, it is consistent with biochemical and cell-based data supporting the notion that the fusion is active in protein synthesis. Third, the intracellular distribution of the fusion is excluded from the nucleoids in an alternating pattern identical to that of ribosomes. This observation is intriguing, because although the fusion has a size large for a tRNA, it is small relative to the nucleoids, which are made up of millions of DNA base pairs in an irregular shape to which transcription factors bind. Nonetheless, the fusion does not freely move in and out of the space within the nucleoids but instead stays with ribosomes during the exponential growth phase with active protein synthesis. Although active protein synthesis in E. coli is coupled with transcription, this coupling is initiated inside the nucleoids to move transcription forward and to protect the nascent mRNA chain (83, 84) , allowing only matured mRNA to diffuse outside to the ribosome-rich region. The finding that the fusion and ribosomes are both segregated from the nucleoids suggests that they are together in the cytosol and possibly engaged in protein synthesis with minimum searching time for ribosomes to find the tRNA.
While the Spinach fusion has high potential for imaging tRNA, the current aptamer and its derivatives do not have strong enough fluorescence intensity. As shown in the localization analysis, the Spinach aptamer emits weak fluorescence relative to mCherry by more than 500-fold ( Figure  4C ), thus limiting single-molecular tracking of the tRNA on the ribosome. The poor fluorescence property of Spinach is also noted in imaging mRNA (85) . Indeed, recent work has begun to address this issue by improving DFHBI binding and by further evolving new aptamers (18, 19) . For live-cell imaging of tRNA in protein synthesis, an additional option is to engineer cells to reduce the number of endogenous tRNA species competing with the Spinach fusion for the same codon. These efforts should lead to a more powerful tool for real-time imaging of tRNA in both ribosome and non-ribosome reactions.
When a stronger fluorophore is in hand, the SpinachtRNA fusion will be an attractive tool with unique advantages of imaging tRNA not available by any existing methods. It offers the ability to monitor the trajectory of a tRNA from its biosynthesis to degradation in a live bacterial cell. One application of the tool is to determine the localiza- tion and segregation of tRNA during cell division. Specifically, when cells are in dormancy under specific conditions, while DNA replication is completely halted, low levels of translation must continue to maintain cell viability. The expression of the Spinach-tRNA fusion would identify where such low levels of translation takes place inside a cell. Second, while each cell usually expresses multiple isoacceptors for the same amino acid, one isoacceptor may dominate at a given time. For example, among the three isoacceptors for proline, the UGG isoacceptor (with the anticodon UGG) reads all four Pro codons CCN, the GGG isoacceptor reads two of the Pro codons (CC[C/U]), and the CGG isoacceptor reads the single CCG codon. As an E. coli cell progresses from the lag phase, to the exponential phase, and to the stationary phase, it changes its genetic program and codon usage for gene expression and protein synthesis. To determine which isoacceptor populates with the growth at a given time, we can create the Spinach fusion for each and identify the one that correlates with the growth trajectory. Third, the Spinach-tRNA fusion can be used to monitor the ribosome translation in real time between two specific positions in a single mRNA. By using the amber-suppressor form of the Spinach-tRNA fusion, we can monitor the translation speed between two site-specifically placed UAG codons in an mRNA and determine whether the translation proceeds at a constant speed or at a variable speed depending on the sequence context of the two UAG codons. These examples demonstrate the potential for new information on tRNA biology and protein synthesis in the context of a cell.
